The charge-sensors with fast operation and high sensitivity are promising tools for single-shot readout of electronic states in the quantum information processing. For this purpose, mesoscopic-scale devices such as a single-electron transistor (SET) and a quantum point contact (QPC), integrated in a radio-frequency impedance matched circuit, have been employed to detect charge configurations in quantum dots [1] . The derivative of the charge with respective to the applied gate voltage, C = dQ/dV G , which can be regarded as a capacitance, is a complementary quantity to the charge in the sense that it can measure the tunneling coupling of a double quantum dot (DQD) [2] . However, capacitance measurements are usually restricted to low-frequency regime, since numerical derivation or room-temperature electronics are used.
Introduction
The charge-sensors with fast operation and high sensitivity are promising tools for single-shot readout of electronic states in the quantum information processing. For this purpose, mesoscopic-scale devices such as a single-electron transistor (SET) and a quantum point contact (QPC), integrated in a radio-frequency impedance matched circuit, have been employed to detect charge configurations in quantum dots [1] . The derivative of the charge with respective to the applied gate voltage, C = dQ/dV G , which can be regarded as a capacitance, is a complementary quantity to the charge in the sense that it can measure the tunneling coupling of a double quantum dot (DQD) [2] . However, capacitance measurements are usually restricted to low-frequency regime, since numerical derivation or room-temperature electronics are used.
In this work, we demonstrate novel high-frequency capacitance measurements in an electrostatically-defined DQD coupled to a QPC. By employing on-chip Lock-in technique with two RF signals, the operating frequency n op can be increased up to the order of a few tens GHz. We confirm the high-speed capacitance measurement by n op dependence and phase analysis. Using this technique, we estimate the time constants of the tunneling barrier, which depends on the electron number in the dot.
Capacitance measurement
A DQD is formed in a two-dimensional electron gas in a GaAs/AlGaAs heterostructure by applying negative voltages to the surface Schottky metal gates. Figure 1(a) shows a schematic diagram of the experimental setup. The device is mounted in a dilution refrigerator with 130 mK of an electron temperature.
A QPC attached nearby to the DQD usually monitors the charge states of the DQD by measuring the current I QPC at a finite dc voltage V sd-QPC [3] . Here, we consider zero dc current at zero dc voltage (V sd-QPC = 0) for the capacitance measurements. The phase-tunable high frequency voltages V DQD and V QPC operating at n op are applied to the DQD and the QPC independently, allowing the Lock-in measurement of the impedance (capacitance and conductance). Att.
Att. transition conditions. The capacitance signal consists of two components as schematically shown in Fig. 2(c) . The direct capacitive coupling between the QPC and the pulse electrode with V DQD appears as a background (constant) signal dI CB . The magnitude of this component should be given by the electrostatic geometry of the electrodes and the DQD. On the other hand, at the charge boundaries of the DQD, the peaks with amplitude dI peak appear on the constant dI CB . The tunneling process effectively short-circuits the two conductors, and thus the total capacitance is increased.
We analyze dI peak and dI CB as a function of the phase difference q between the two RF voltages V DQD and V QPC , as shown in Fig. 2 . Since the background signal dI CB arises from the electrostatic effect, the characteristics should be independent of the frequency and is used as a reference. Actually, dI CB becomes a maximum at q = 0 and minimum q = 180 degrees, showing same sinusoidal dependence on q at all n op .
On the other hand, dI peak shows similar sinusoidal dependence on q, but the amplitude is decreased and phase is shifted as n op is increased [See arrows in Fig. 2(a) ]. The impedance of the tunneling barrier can be expressed with a tunneling capacitance C t and tunneling rate Γ t . The amplitude of the peak is related to C t , and the cut-off frequency is determined by Γ t . Figure 3 shows the amplitude of dI peak (capacitance) at q = 0 as a function of n op . The amplitude decreases with increasing n op . The data indicated by (i) to (iii) correspond to the peak amplitudes of N, N+1 and N+2 electron states, respectively. The solid lines are fitted using a simple model described in Ref. 3 . From this fitting, the time constants of the tunneling barrier for N to N+2 states are estimated as Γ -1 = 0.4 nsec, 3 nsec and 20 nsec, respectively.
The maximum frequency for the capacitance measurement is more than 15 GHz (data not shown), which is practically limited by the quality of our low-temperature coaxial cables. The demonstrated high-frequency operation encourages single-shot capacitance measurement for electronic states in a DQD.
Conclusion
We have performed the high-frequency capacitance measurements in the quantum dots. This technique allows us to study spin/charge configurations in the double quantum dot, and possibly leads to future single-shot readout. 
